We present a systematic review of genome-wide research on psychotic experience and negative symptom traits (PENS) in the community. We integrate these new findings, most of which have emerged over the last four years, with more established behaviour genetic and epidemiological research. The review includes the first genome-wide association studies of PENS, including a recent meta-analysis, and the first SNP heritability estimates. Sample sizes of <10,000 participants mean that no genome-wide significant variants have yet been replicated. Importantly, however, in the most recent and well-powered studies, polygenic risk score prediction and linkage disequilibrium (LD) score regression analyses show that all types of PENS share genetic influences with diagnosed schizophrenia and that negative symptom traits also share genetic influences with major depression. These genetic findings corroborate other evidence in supporting a link between PENS in the community and psychiatric conditions. Beyond the systematic review, we highlight recent work on gene-environment correlation, which appears to be a relevant process for psychotic experiences. Genes that influence risk factors such as tobacco use and stressful life events are likely to be harbouring 'hits' that also influence PENS. We argue for the acceptance of PENS within the mainstream, as heritable traits in the same vein as other subclinical psychopathology and personality styles such as neuroticism. While acknowledging some mixed findings, new evidence shows genetic overlap between PENS and psychiatric conditions. In sum, normal variations in adolescent and adult thinking styles, such as feeling paranoid, are heritable and show genetic associations with schizophrenia and major depression.
Introduction
This review covers what is known about the genetic causes of psychotic experience and negative symptom traits (PENS) in the community. First PENS are introduced and the phenotypic association of PENS with psychiatric disorders is discussed. We then provide the first systematic review of research taking a genome-wide approach to PENS. Next we go beyond additive genetic effects to consider gene-environment correlation and gene-environment interaction underlying PENS. Finally we discuss this new genome-wide literature and consider how the field has arrived at a new position regarding the causes of PENS.
Here PENS include positive psychotic experiences (such as paranoia and hallucinations), cognitive psychotic experiences (such as cognitive disorganisation), and negative symptom traits (such as flattened affect and lack of motivation). These traits are grouped together because at the extreme, they reflect the symptoms of psychotic disorders such as schizophrenia. While some groups focus solely on positive psychotic experiences, several independent groups now include a range of positive psychotic experiences, cognitive psychotic experiences and negative symptom trait measures in their studies e.g., (1) (2) (3) (4) . As with all trait measures, this definition does not mean that PENS are equivalent to schizophrenia. Psychosis-proneness and psychotic-like experiences are also labels used in a similar way to PENS (2) . Schizotypy is another conceptualization of subclinical psychosis which is included in our review: it has a long history (5) and the construct overlaps with PENS.
Research on psychopathological traits such as PENS is sometimes thought to clash with the motivations of psychiatry but the limitations and lack of confidence in psychiatric nosology is widely acknowledged (6-8). Common genetic variants act in a probabilistic manner to influence a liability for disorders such as schizophrenia (9, 10): as such, quantitative traits may make more sense than categorical diagnoses in psychiatric genetic research. Research on psychopathological traits such as PENS has an important role to play in terms of understanding the nature of individual differences in the full spectrum of cognition and experiences, and also in helping to understand how sometimes troubling traits are involved in the pathway leading up to a wide array of clinical diagnoses. In fact, in a recent review, Caspi and Moffitt hypothesise that PENS and other related abnormal thought processes will prove to the most useful diagnostically under their transdiagnostic p model of psychopathology (p being a single dimension of general psychopathology) (8).
When assessed quantitatively, it is apparent that PENS are dimensional and have a normal to positively skewed quantitative distribution (11). When categorized as present or absent, prevalence of positive psychotic experiences has been estimated. For example, the lifetime prevalence estimate from the WHO World Mental Health Surveys of ever having positive psychotic experiences was 5.6% (12) see also (13-15). There are far fewer prevalence estimates of negative symptom traits and no consensus on how to categorise NS as present or absent. For example, a large community sample of young adults employed a mix of self report and interviewer items and reported that each individual domain of negative symptoms occurred in 1.7-8.3% of participants, and 20% of the sample had at least one symptom (16). Another community sample reported that 12-13% were rated by interviewers as having negative symptoms (17). Prevalence rates in nonclinical samples tend to be higher for questionnaires compared to inperson interviews, especially if the latter capture more severe negative symptoms such as retardation of movement (18). In general, prevalence estimates of PENS are affected by measurement and where the cut-off is placed. An advantage of quantitative scales is the avoidance of potentially arbitrary choices about cut-offs and loss of power from removing quantitative information.
Twin studies show that approximately a third to a half of variation in PENS is explained by genetic influences in adolescent samples with the remaining variance explained largely by nonshared environment (19-24). Across gender, females tend to report more hallucinations, paranoia and cognitive disorganization, whereas males have higher scores on grandiosity and negative symptoms (11, 18, 25) .
Psychotic experience and negative symptom traits (PENS) and their association with psychiatric conditions
Epidemiological evidence from multiple studies shows that positive psychotic experiences increase risk of developing psychiatric disorders, including schizophrenia, major depression and post-traumatic stress disorder (significant odds ratios of 1.3-5.6) (26-30). Furthermore, odds ratios increase if positive psychotic experiences persist over time (31) . PENS are known to be associated with similar environmental risk factors as schizophrenia (15). For several decades it has been known that relatives of individuals with schizophrenia show elevated rates of positive and negative schizotypal traits compared to controls (32, 33). Adoption designs provided an early and very powerful means of showing that wider schizophrenia "spectrum" disorders and schizotypal personality disorder were elevated in biological relatives of adoptees with schizophrenia, thus suggesting a genetic link with these disorders and schizophrenia (34, 35) Research has attempted to explore empirically if a "cut off" is evident in the spectrum of positive psychotic experiences that might suggest a qualitative distinction between positive psychotic experiences in the community and extreme psychotic experiences in the clinic. For example, is subclinical paranoia that many people experience part of a continuum with severe paranoia that is considered a clinical symptom? (36) After all, individuals suffering from severe positive psychotic experiences such as delusions are known to lose insight into their own experiences, which might suggest a qualitative difference between subclinical and clinical PENS.
Several taxometric analyses support a fully dimensional model of positive psychotic experiences: that is, evidence does not suggest discontinuity between milder and more severe forms of positive psychotic experiences (37-39). A large adolescent twin study demonstrated that the heritability of PENS does not change significantly across the severity spectrum (23). Another study rated families according to their 'level' of psychosis as a proxy for genetic risk, varying from nothing i.e. no psychotic experiences or subclinical psychotic experiences, to 'low' or 'high' impact psychotic symptoms, and clinical psychosis (40). Rates of mental illness in a selected "proband" within each family increased linearly across these severity levels (40). These forms of evidence largely support continuity across the PENS severity spectrum.
Yet there is evidence also to suggest discontinuity. Negative symptom traits show evidence of higher heritability in adolescence at the impaired extreme than in the normal range within the community (23) and the above family study also found some evidence of non-linearity across the psychosis spectrum in families with more than one individual with mental illness (40). Heritability estimates of schizophrenia are considerably higher than of PENS in the community (80% versus 30-50%, respectively) (23, 41) but it is not a like for like comparison because the schizophrenia estimate assumes an underlying liability. While the question of a qualitative cut off is not settled, as discussed below in our systematic review, genome-wide studies have considerably advanced our understanding of the link between psychiatric conditions and PENS through estimating shared genetic variance using measured DNA variants (1, 3, 4, (42) (43) (44) (45) (46) (47) .
Systematic review of genome-wide studies of psychotic experiences and negative symptoms traits (PENS)
Inclusion/exclusion criteria In this systematic review, all genome-wide studies of PENS with any of the following aims were included: 1) To identify common genetic variation in a genome-wide association study of PENS assessed using questionnaire or interview, and categorical or dimensional scales. 2) To estimate variance in PENS attributable to common genetic variation using genome-wide genotypic data. 3) To evaluate at a genome-wide level the genetic association between PENS and other phenotypes.
Data sources and search terms
To identify all papers, a series of search terms were used in PubMed to capture relevant studies published on PubMed before the 21st of February 2018 in terms of phenotype and type of analysis. The search was conducted using the following argument: (psychotic OR psychosis OR schizotypy OR schizotypal OR psychotic experiences OR psychotic-like-experiences OR prodromal OR psychosis proneness OR paranoia OR hallucinations OR anhedonia OR negative symptoms OR cognitive disorganisation OR cognitive disorganization OR grandiosity OR delusions) AND (gwas OR genome-wide OR polygenic OR gcta OR greml OR SNP heritability OR ldsc OR ld score regression).
The resulting publications were then selected for review based on the following criteria:
1) Studies using genome-wide array or sequence data. Studies using linkage analysis and candidate genes were not included in this review. 2) Studies focusing on at least one dimension of PENS in a general population sample. This does not include studies focusing on psychosis symptoms in a clinical sample, nor does it include studies regarding only psychosis endophenotypes, such as ERP, EEG, or brain metrics. If other phenotypes were analysed, only the results referring to PENS are discussed. 3) Studies reported in English.
In addition to the systematic database search using PubMed, bibliographies of original research and review papers were investigated by hand to identify additional studies meeting the above criteria.
Data collection
From the initial search on PubMed, 1342 papers were returned. Based on the title and abstract, 1315 were excluded by one author (O.P.), leaving 29 papers for further consideration. After closer reading of the remaining 29 papers, 19 were excluded (reasons for exclusion of the 19 papers provided in Supplementary Information Table S1 ). Ten papers remained after these exclusions. The number of papers identified by looking through reference lists was 0. Three other studies were identified by the authors through reading unpublished manuscripts on Biorxiv or from being involved in the work or citing the studies (1, 48, 49) , making a total of 13 studies. Results were summarised in a table form.
Results of systematic review
Thirteen publications were identified as genome-wide studies of PENS using the above search terms on the 21 st of February 2018 (Table 1) .
Insert Table 1 here SNP heritability studies. The review revealed that three studies to date have estimated the SNP heritability of PENS (1, 2, 50) (see Table 1 ). Figure 1 shows the twin and SNP heritability estimates for specific PENS from the largest respective studies (1, 23) . SNP heritability estimates of PENS are modest with non-significant differences in estimates across types of PENS. As with many traits and disorders, SNP heritability estimates are lower than the twin heritability estimates (51, 52). Of the 3 studies, two are from individual samples, the UK Twins Early Development Study (TEDS) assessed at age 16 years (50, 51), and the Northern Finland Birth Cohort 1966 study assessed at age 31 years (2) . The third and largest study is a meta-analysis of three samples including TEDS, as well as the Child and Adolescent Twin Study in Sweden (CATSS) and the Avon Longitudinal Study of Parents and Children (ALSPAC), who were all assessed in mid to late adolescence (1).
Insert Figure 1 here In relation to these new SNP heritability results, it is noted that there are several different methodologies available; two of the most commonly used are linkage disequilibrium (LD) score regression (53) and genomic-relatedness-matrix restricted maximum likelihood (GREML) (54). GREML is based on the relationship between phenotypic and genotypic similarity between individuals (thus requiring individual-level genotypic and phenotypic data). In contrast, LD score regression calculates SNP heritability from the relationship between each genetic variants' genome-wide association study (GWAS) derived effect size (chisquare) and LD-score (thus requiring only GWAS summary statistics). Two of the studies employed GREML (2, 50), whereas the meta-analysis had enough power to use both LD score regression and GREML (1) . As shown in Figure 1 , LD score estimates are higher than the GREML estimates with overlapping confidence intervals.
A second point about the SNP heritability estimates in Figure 1 is that they are based on normalised PENS scores due to positive skew (1). Normalisation to reduce skew is standard practice but it can introduce artificial variance (i.e. noise) and thereby reduce SNP heritability estimates. Normalisation will have a larger effect on more highly skewed variables, which could explain why in Figure  1 the more skewed PENS (paranoia and hallucinations combined scale and parent-rated negative symptoms) show a lower SNP heritability than less skewed PENS traits (cognitive disorganisation and anhedonia). Although GREML SNP heritability estimates were consistent when using untransformed PENS scores (51, 55), it has been reported that GREML underestimates the SNP heritability of skewed traits (56). Simulation studies are required to investigate the effect of skew on estimates of SNP heritability.
Finally, minor allele frequency (MAF)-stratified SNP heritability analyses have been reported on one of the SNP heritability studies. In the TEDS sample with approximately 2100 individuals, results suggested that the majority of the anhedonia SNP heritability was explained by variants with MAF<.05 (50). Estimation of SNP heritability stratified by MAF is a means to understand the genetic architecture of a trait in terms of MAF. Further studies are needed in larger samples, given the demands on power of this approach due to the larger number of estimated parameters.
In sum, PENS appear to be influenced by additive genetic influences, with some modest differences in heritability estimates across specific types of PENS. Samples are still relatively small (largest sample is 8665 including related cotwins) and it is known that different programs produce slightly different estimates (57) .
Genome-wide association studies. The search identified three GWAS to date aiming to identify new variants associated with PENS: two on individual samples and one mega-analysis combining three cohorts. The first study was on participants in the ALSPAC cohort, who were assessed at ages 12 and 18 on positive psychotic experiences using interview measures (43). Second, the Northern Finland Birth Cohort (NFBC) self-reported on a range of PENS domains at age 31 years (2) (see further study on same sample stratified by DISC1 (58)). Finally a mega-analysis on the TEDS, ALSPAC and CATSS samples reported on results from mid-adolescence combining data on self-reported positive and cognitive PENS and parent-rated negative PENS (1). The latter two GWAS studies each identified one genome-wide significant variant, but neither of these genome-wide significant variants has been replicated in an independent sample. Polygenic risk score studies. As shown in Table 1 , 10 studies to date have explored genetic overlap between genome-wide common variant genetic risk for other phenotypes and PENS. In all but one of these studies (59) the other phenotypes were psychiatric disorders, most commonly schizophrenia, using PRS derived from the PGC (http://www.med.unc.edu/pgc). The 10 studies can be broadly categorized into those that studied association between selected genome-wide significant SNPs and PENS (43, 45, 47), those testing the association between PRS derived from PGC1 and PENS (42, 43), and those testing the association between PRS derived from PGC2 and PENS using samples of <2500 (4, 45, 48) and >2500 individuals (1, 44, 46) . Finally one study also reported on PRS associations using phenotypes outside of PGC with PENS (59) . All the studies using the PGC2 SCZ PRS or PGC1 MDD PRS with samples >2500, and one smaller study (4), report significant genetic association between PENS and psychiatric disorders (schizophrenia or major depression) (1) (44, 46). The other studies using PGC2 with n<2500 samples or using selected SNPs or the PGC1 PRSs reported non-significant findings or negative associations.
As such there are four studies reporting a significant genetic link between schizophrenia and PENS in the community (1, 4, 44, 46) ( Table 1 and Figure 2 ). Effect sizes in terms of percent variance explained in PENS by the schizophrenia PGC2 PRS ranged between .08%-.7%, with one study not reporting effect sizes (4). In terms of positive psychotic experiences, within these four studies, some consistencies and discrepancies emerge. Of the two studies using interview measures of positive psychotic experiences, one reported a significant association with schizophrenia PRS in adults (4) while the other did not find this in adolescents (44). Of the three studies using questionnaire measures of positive psychotic experiences, two of the studies were on adolescents and reported a significant positive association with schizophrenia PRS (1, 46) . A third smaller study, on adults, did not find an association (4). Notably, the largest study found that this association only held in the non-zero scorers (see Figure 2) (1).
Insert Figure 2 here
Schizophrenia PGC2 PRS was shown to predict negative symptom traits in adolescence across three studies, as assessed by self, parent report and interview, respectively (1, 4, 44), although there was a significant association in the smaller study only for the interview data and not the self-rated questionnaires (4). Schizophrenia PRS also predicted self-rated cognitive disorganization and anhedonia in the only study to include these domains (1).
In terms of PRS for phenotypes other than schizophrenia, one study found the major depression PRS and this study found to share genetic influences with negative symptoms and anhedonia but not positive or cognitive PENS (1). In the two studies where bipolar disorder PRS was employed, it did not show a significant positive association with PENS (1, 45). In the meta-analysis, a significant negative association between PRS for bipolar disorder and adolescent paranoia and hallucinations was identified (r 2 = 0.12%)( Figure 1 ) (1). Finally, in a large multi-phenome analysis, no associations between PENS and PRS were significant after correcting for multiple testing but a small number were nominally significant (59) (see Table 1 ).
GxE studies. Gene-environment interaction (GxE) analyses on PENS using genome-wide data are reported in two studies in Table 1 (3, 47) as well as one unpublished thesis known to the authors (60) . The only positive GxE finding at a genome-wide level is that high birth weight appears to interact with selected genome-wide SNPs from PGC2 schizophrenia in predicting more social anhedonia (47). Other work found that the stress of signing up as a conscript interacted with the PGC2 Schizophrenia PRS in predicting less schizotypy (although not all subscales were significant) (3). Finally, no interactions were reported between adolescent cannabis use, tobacco use or psychosis family history and the PGC2 schizophrenia PRS in predicting PENS in the TEDS sample in adolescence (60) .
Beyond additive genetic effects: Gene-environment correlation and PENS
Here we move beyond the systematic review to discuss briefly research that is showing that environmental variables associated with PENS are in some cases tied in with genetic predisposition. We exemplify this point by describing a selection of recent findings from our group and others. We acknowledge parallel work in this area on schizophrenia e.g., (61) but, as with other sections of this review, we focus on PENS in the community.
It is well established that our environment is not independent of our genotype, with many "environments" being heritable (62, 63) . Passive geneenvironment correlation (passive rGE) exists due to the home environment being influenced by the parents' genotype and biological children inheriting some of their genotype. Individuals' active behaviour leads to an individual experiencing environments that link to their genotype (active rGE) and individuals evoke environmental responses from their genetically influenced behaviour (evocative rGE).
Using twin models to partition variation in genetic and environmental effects, a set of studies based on the TEDS community sample reported that in adolescence, cannabis use, bullying victimization and stressful life events were all partly heritable (64) (65) (66) . In the case of bullying victimization and stressful life events, the genetic influences were partly overlapping with some PENS domains (65, 66) . While such evidence does not rule out the possibility that some covariation between PENS and environmental risk factors is in fact environmental see e.g., (67) , it suggests shared genetic pathways are in operation as well.
In terms of cannabis use, having ever used cannabis by age 16 was found to be 37% heritable in TEDS but covariation with psychotic experiences was explained fully by shared environmental factors (64) . In an older sample of 19-36 year olds, and assessing cannabis use disorder rather than never/ever use, correlation with psychotic experiences (primarily positive psychotic experiences with two items relating to movement) was explained by both genetic and environmental influences (68) suggesting some gene-environment correlation underlying the relationship with cannabis use disorder.
While the above rGE research might to some degree suggest a diminished role of environment on PENS, other new findings suggest that direct genetic effects may be inflated and actually harbour environmental processes from parenting. Parental genotypes that are not transmitted to offspring have recently been shown, when assessed as a polygenic score, to predict significantly the offspring's phenotype (69, 70) . Concerns remain as to how assortative mating and genetic influences on other phenotypes are controlled for, but Kong et al (2018) conclude that GWAS direct effects may be inflated because part of the GWAS signal operates via "genetic nurture" --the effects of the parents' nontransmitted alleles on the rearing environment of the child. Educational attainment was their example phenotype, but this process of genetic nurture may extend to other phenotypes, such as PENS.
In sum, while direct additive genetic effects and direct additive environmental effects are likely involved in PENS, approaches that can capture genetic effects within the context of environment, and environment within the context of genetics are likely to be fruitful for understanding the etiology of PENS in full. We predict that successful identification of causal genetic variants associated with PENS will be aided by research on "environmental risk factors", such as smoking, cannabis use, urbanicity, stressful life events, and bullying victimization.
Discussion
To our knowledge this is the first systematic review of genetic research on PENS For a review of research on phenotypes associated with genetic risk for schizophrenia please see (71) . Based on recent genome-wide research, a new position has been reached in our understanding of psychotic experience and negative symptom traits (PENS) in the community. The new research stemming from four studies suggests that genetic risk for diagnosed schizophrenia overlaps significantly with the genetic causes of PENS in the community during adolescence and adulthood (1, 4, 44, 46) . To some degree, normal variation in adolescent and adult thinking styles, such as feeling paranoid, is caused by the same common genes that influence risk for schizophrenia. At the same time, the magnitude of the genetic association from current evidence does not suggest that PENS and schizophrenia are equivalent or that PENS should be used instead of or as a proxy for schizophrenia in genetic research. In the same vein, genetic risk for major depression overlaps significantly with negative symptom traits in the community (1) yet the modest associations do not suggest that negative symptom traits and major depressive disorder are interchangeable or completely equivalent at a genetic level.
How does the effect size for the PENS-schizophrenia genetic overlap compare to other trait-psychiatric disorder pairings? The percent variance in PENS explained by schizophrenia genetic scores is between .08-.7% in the most recent well-powered studies (1, 44, 46) with one study reporting a positive association but not including effect sizes (4). One study reported that the major depression PRS predicted .08-.11% variance in negative symptom traits in the community (1) . Similar percent variance was explained for other trait-psychiatric disorder pairings in a recent study on the CATSS sample (46). Importantly, the degree to which a PRS predicts a different phenotype (for example, schizophrenia genetic risk predicting PENS) is capped at the amount of variance a PRS can explain of its own phenotype in an independent sample. The schizophrenia PGC2 PRS explained 7% variance in liability to schizophrenia in an independent sample (10). The largest effect size for the schizophrenia PRS explaining any individual PENS is .7%, thus it is about 10% of the size of how strongly it predicts liability to schizophrenia (.7/7%). The MDD PGC1 PRS explained 0.72% variance in MDD on a liability scale (based on the authors' calculations) (72) . The effect size for the MDD PRS explaining negative symptom traits in the community in adolescence appears to be 15% of the size (.11/.72). As a comparison, the ASD PRS predicts 1.13% variance in ASD on a liability scale in an independent sample (Grove et al 2018) and .1% variance in ASD traits in the community (46), that is, (.1/1.13) 9% of the size. The MDD PRS predicts 0.72% variance in MDD on a liability scale in an independent sample (72) and .2% variance in MDD traits in the community (46), that is, (.2/.72) 28% of the size. Finally, the ADHD PRS predicts 1.03% variance in ADHD on a liability scale in an independent sample (73) and 0.8% variance in ADHD traits in the community (46), that is, (.8/1.03) 78% of the size. We note some caveats in these calculations because the 'target' sample used to derive PRS estimates differs for the clinical and community studies.
Nevertheless, these ballpark estimates suggest that the genetic link between PENS and schizophrenia, when the reliability of the PRS is taken into account, is similar to other psychopathological trait-disorder pairings such as ASD and weaker than major depression and ADHD which show stronger genetic links between trait and disorder. What would cause a disorder PRS such as schizophrenia to predict less variance in PENS than in schizophrenia itself? It is noted that most of the results for PENS comes from adolescent samples (1, 44, 46) (although not all e.g., (4)). This is relevant because PENS may not have emerged in all people by adolescence and as such adolescent PENS will reflect a developmentally specific form of PENS. In contrast the schizophrenia PRS is derived from adult samples. As such adolescent PENS may overlap to a lesser degree with the schizophrenia PRS than lifetime PENS; this can be tested in future work on older samples. In the meta-analysis report (1) , and shown in Figure 2 , paranoia and hallucinations was only significantly positively predicted by the schizophrenia PRS in the non-zero scorers. Teenagers who reported no paranoia and hallucinations during mid-adolescence existed anywhere on the schizophrenia genetic liability spectrum (1) .
A second potential reason for weaker genetic links between PENS and schizophrenia than with schizophrenia itself is the diagnosis of schizophrenia. It requires individuals to show multiple symptoms that have parallels in PENS, but PENS are typically measured as individual traits (paranoia, hallucinations, cognitive disorganisation, anhedonia, and so forth). It is realistic to predict that the schizophrenia PRS would explain more variance if multiple PENS were included in an analysis together.
Not all the studies addressing the link between schizophrenia PRS and PENS found a significant association. In our systematic review we noticed a pattern which is that the studies using an older, less reliable PRS (the "PGC1" version), as well as smaller studies tended not to find significant associations, whereas all the studies using the more reliable PGC2 PRS with samples over 2500 (as well as one smaller study (4)) reported some significant positive associations between schizophrenia and PENS. As noted elsewhere, long-term prospective cohorts such as ALSPAC may have attrition bias whereby individuals with high schizophrenia PRS selectively drop out and this will under-power analyses in those cohorts (74) The negative association between bipolar disorder PRS and PENS may be due to a lack of reliability in the available bipolar disorder PRS; future research can test this further (1, 45) .
Our review shows that recent genome-wide research corroborates twin research in showing modest additive genetic influences on PENS. SNP heritability estimates are now reported for PENS using a variety of methods (GREML, LD score, MAF-stratified) and for adolescents and young adults (1, 2, 50). While the SNP heritability estimates may seem low, particularly for the estimates from adolescent samples (1) the estimates are consistent with child and adolescent psychopathology in which modest SNP heritability estimates are being reported across a range of traits (51). Considerations such as which SNP heritability method is chosen (57) , how linkage disequilibrium is handled (50), and how skew is handled (1), along with reliability of items and informant will affect estimates (51).
One possibility regarding apparent genetic links between PENS and schizophrenia is that individuals with the illness in a community sample assessed on PENS might be driving any apparent association between schizophrenia genetic risk and PENS. The findings by van Os and colleagues allay this concern however because they find a positive association between the schizophrenia PGC2 PRS and PENS in general community controls with no family history of schizophrenia, to a stronger degree than in relatives of individuals with psychotic disorders (4). Furthermore, another of the studies showed that the positive associations between schizophrenia PGC2 PRS and negative symptoms still held when individuals with a diagnosed psychotic disorder were removed from the sample and when individuals with a parent with a diagnosed psychotic disorder were removed from the sample (44).
These initial findings raise interesting questions for future research. Would a measure of stable PENS across time show a stronger genetic link with schizophrenia than PENS assessed cross-sectionally? Is it essential, as some suggest, to control for confounds such as anxiety or other PENS when assessing the link between a specific PENS domains and another phenotype (4, 44)? This is a more stringent approach that does not allow for natural covariation between PENS domains; we know that PENS domains correlate positively and show some genetic overlap between them e.g., (2, 23) .
We acknowledge some limitations to the scope of our review. The type of genetic research we reviewed focuses on common additive genetic variation. We limited our review to measures of PENS in the community. It is not yet known to what degree PENS are genetically related to other types of psychiatric disorders. In depth considerations of measurement of PENS were beyond the scope of this review but, as with all complex traits, are a critical issue (75)(11).
PENS in the community and psychiatric disorders, particularly schizophrenia, have for a long time appeared to be associated with one another. The new genome-wide genetic research reviewed here acts both to establish concretely that PENS and schizophrenia are genetically linked, but also to show that the genetic link is present but mild. Genetic correlation or genetic covariance estimates only take causal models so far (76) . To find out what underlies the purported genetic overlap indicated by a significant genetic correlation between two phenotypes, further evidence is needed. Examples include finding out the correlation of variant effect sizes across the two phenotypes, or through learning about the molecular action of a genetic variant in relation to two phenotypes.
The practical utility of new knowledge about the genetic basis of PENS deserves discussion. For example, with increasing knowledge from epidemiology and psychiatric genetics regarding the link between PENS and psychiatric disorders, informed decisions can be made about the place PENS can have in aiding prevention and intervention of mental health conditions. Second, their role in contributing to new models of psychopathology has recently been proposed (8).
Whether PENS form part of a "psychosis continuum" with clinical schizophrenia --in the sense that PENS are a milder manifestation of the same phenotype as schizophrenia --has been questioned for many years, and as discussed earlier, taxometric, twin and family studies have attempted to test this continuum hypothesis empirically (23, 32, 37-40). The new finding of a degree of genetic overlap between PENS and schizophrenia supports an at least partial aetiological continuum. A more far-reaching question is how useful PENS can be as a transdiagnostic predictor of the p (psychopathology) factor (8). The biologically-driven information derived from this new genome-wide research takes PENS research to a new position, in terms of new forms of evidence and models. Genome-wide research allows the mechanisms of the cognitions, behaviours and perceptual experiences that underlie PENS in the community to begin to be understood at a molecular level. Hatzimanolis, A., Avramopoulos, D., Arking, D.E., Moes, A., Bhatnagar, P., Lencz, T., Malhotra, A.K., Giakoumaki, S.G., Roussos Liuhanen, J., Suvisaari, J., Kajantie, E., Miettunen, J., Sarin, A.P., Jarvelin, M.R., Lonnqvist, J., Veijola, J. and Paunio, T. (2018) Interaction between compound genetic risk for schizophrenia and high birth weight contributes to social anhedonia and schizophrenia in women. Psychiatry research, 259, 148-153. 48 Krapohl, E., Euesden, J., Zabaneh, D., Pingault, J.B., Rimfeld, K., Von Stumm, S., Dale, P.S., Breen, G., O'reilly, P. Positive symptoms were assessed using the PLIKSi (30) (described above).
Negative psychosis-like symptoms were assessed using a subset of 10 items from the Community Assessment of Psychotic Experiences (CAPE) self-report questionnaire (96) . This measure assessed features such as apathy, anergia and asociality.
Depressive and anxiety disorder outcomes were derived from the semistructured Development and Well-Being Assessment (DAWBA) semi-structured interview (97, 98) .
PRS analysis: Tested for association between genetic risk for schizophrenia (PGC2) (10) and positive symptoms, negative symptoms, anxiety and depression disorders using logistic regression.
Sensitivity analyses performed to determine whether effects varied when using different thresholds to distinguish groups, varying measurement cut-offs or tools, the effect of including individuals with a psychotic disorder diagnosis at age 18, and the effect of including individuals with a parent with a diagnosis of a psychotic disorder.
PRS analysis: A significant positive association between schizophrenia PRS and negative symptoms (OR = 1.21; r 2 = 0.7%) and anxiety disorder (OR = 1.17; r 2 = 0.5%) was reported. Positive symptoms showed a near significant positive association when using more relaxed p-value thresholds for the PRS but a near significant negative association when using a stringent p-value threshold for the PRS.
Sensitivity analyses demonstrated that the results were consistent when using different thresholds to determine the phenotypic groups. PRS analysis in discovery sample: Significant negative genetic association identified between schizophrenia genetic risk and PAS scores, and positive, disorganisation and paranoid SPQ dimensions (no significant association found for negative SPQ dimension). In the replication sample, point estimates of association between schizophrenia PRS and STQ dimensions were also negative, although non-significant. One interaction identified, with lower PRS carriers showed higher PAS scores in the stressed condition compared to high PRS carriers (interactions not significant for SPQ dimensions). PRS analysis in replication sample: An interaction between anxiety and schizophrenia risk significantly predicted lower paranoid ideation.
